The Tcf family of transcription factors, in association with b-catenin, mediate Wnt signaling by transactivating downstream target genes. Given the function of Wnt genes in neural development and organogenesis, Tcf transcription factors must be integral to the development of many embryonic tissues. In fact, the role of Tcf genes in axis formation in Xenopus and in segment polarity in Drosophila is well established. In this report, we have identified two isoforms of the mouse Tcf-4 gene. Tcf-4 expressing cells showed nuclear localization of b-catenin. Although Tcf-4 RNA was widely distributed throughout embryogenesis, high levels of Tcf-4 expression were particularly evident in the developing CNS and limb buds. In extended streak stage embryos (E7.5), Tcf-4 expression was detected in anterior endoderm. E8.5 embryos had Tcf-4 expression in rostral neural plate and in alternating rhombomeres of the hindbrain. By E9.5 and thereafter, expression in the hindbrain disappeared and strong expression was detected in the diencephalon. Strikingly, Tcf-4 expression in the forebrain was undetected in Small eye mutant embryos indicating that Pax-6 is required for Tcf-4 expression in the forebrain. In developing limbs, Tcf-4 is readily detected starting at E10.5 and is limited to mesenchymal cells surrounding the areas of chondrification. These data indicate a function for Tcf-4 in neural and limb development, two tissues where Wnt signaling plays an essential role.
Introduction
Spatial and temporal regulation of gene expression by specific transcription factors is essential during embryogenesis. Transcription factors often are the effectors at the end of signaling cascades that translate extracellular signals into morphological changes. The transactivation complex consisting of a Tcf transcription factor and b-catenin is a downstream effector of the Wnt signaling pathway (Miller and Moon, 1996; Brunner et al., 1997; Cadigan and Nusse, 1997; Clevers and van de Wetering, 1997; Moon et al., 1997; Nusse, 1997) . A Wnt signal induces an increase in the cytoplasmic pool of b-catenin which binds to a Tcf protein and localizes the complex to the nucleus where transcription of prospective target genes are activated (Huber et al., 1996) . Tcf proteins contain a single HMG (high mobility group) domain and an amino-terminal b-catenin binding domain (Giese et al., 1992; Love et al., 1995) . The HMG DNA-binding domain shows greater than 90% amino acid similarity among high mobility group transcription factors (Clevers and van de Wetering, 1997) . Activation of target genes of Wnt signaling, such as siamois and Ubx, by the TCF/b-catenin complex is mediated by the DNA binding activity of TCF and the activation domain of b-catenin (Brannon et al., 1997; Riese et al., 1997) . Tcf transcription factors alone are able to bind their target sequences but possess little or no transactivation capability Grosschedl, 1993, 1994; Clevers and van de Wetering, 1997) . In contrast, b-catenin has no DNA binding capacity but contains a transactivation domain in its carboxy-terminus .
In Xenopus embryos, overexpression of Xtcf-3 (Molenaar et al., 1996) or mouse Lef-1 (Huber et al., 1996) induced secondary axis formation, the same phenotype observed by overexpression of Wnt-1 or b-catenin (Funayama et al., 1995; Miller and Moon, 1996) . When Xtcf-3 with a deletion of the amino-terminal b-catenin binding region was expressed, axis formation was inhibited, thus showing a dominant negative phenotype. In addition to the genetic evidence, physical interactions between b-catenin and TCF/ LEF-1 has been demonstrated (Behrens et al., 1996; Molenaar et al., 1996) . Complex formation between b-catenin and TCF is essential for downstream signaling. Similarly, mutations in Drosophila dTcf or expression of its dominant negative form disrupted Wnt signaling . In humans, constitutive activity of the TCF/bcatenin complex may lead to cellular transformation. In colon carcinoma cell lines with mutation in the adenomatous polyposis coli (APC) tumor suppressor gene, high levels of the TCF-4/b-catenin complex, which was able to induce transcriptional activation of a reporter gene, were detected Morin et al., 1997) . Reintroduction of wild-type APC reduced the level of TCF-4/bcatenin complex, and transcriptional activation of the reporter gene was decreased.
The first members of the family described in vertebrates were Tcf-1 (T-cell specific factor) (van de Wetering et al., 1991) and Lef-1 (lymphocyte enhancer binding factor) (Travis et al., 1991; Waterman et al., 1991) . Their expression pattern in developing mouse embryos is broad, with overlapping expression in many tissues (Oosterwegel et al., 1993) . However, Tcf-1 − / − mice showed only arrested Tcell development but were otherwise normal (Verbeek et al., 1995) . In contrast, Lef-1 − / − mice showed normal development of lymphocytes but lacked hair, whiskers, teeth, mammary glands, and trigeminal nuclei (van Genderen et al., 1994) . In this paper, we report the cDNA sequence and expression pattern of the mouse Tcf-4 gene. We also demonstrate that Tcf-4 induced localization of b-catenin to the nucleus when transiently expressed in cell lines. Although a low level of mRNA is detected in many tissues, Tcf-4 was expressed dynamically and at high levels in the central nervous system and the limb buds, where Wnt signaling is prominent. Furthermore, expression of Tcf-4 in the diencephalon required the Pax-6 gene. These data indicate a potential role for Tcf-4 in regionalization and cellular specification of the developing brain and limb buds.
Results

Isolation of mouse Tcf-4 cDNA
Since Wnt signaling is required for embryonic kidney development (Herzlinger et al., 1994; Stark et al., 1994) , an embryonic kidney (E17) cDNA library was screened for Tcf homologues using degenerate PCR primers. These primers were selected from regions conserved between Xtcf-3 and Lef-1. Sequence analysis of initial PCR product showed a high level of amino acid sequence identity to human Tcf-4, which was isolated from human fetal cDNA library . In order to obtain full-length mouse Tcf-4 cDNA, we performed 5′ and 3′ RACE, and subsequently cloned two isoforms of mouse Tcf-4 cDNAs containing the complete coding regions of 442 amino acids and 596 amino acids which corresponded to human Tcf-4B and Tcf-4E respectively (Fig. 1) . Mouse Tcf-4B and Tcf-4E are identical except for different carboxy-terminal sequences starting from amino acid 417. The highly conserved HMG box of mouse Tcf-4 was 100% identical to human Tcf-4, with overall identity of 98.6% over the entire protein. Tcf-4 was able to localize b-catenin to the nucleus, as expected, when it was expressed under the control of the CMV promoter. When this expression vector (mTcf-4B-flag) was transiently transfected into COS or NIH3T3 cells, flag tagged Tcf-4B protein was detected in the nucleus by antiflag antibody (not shown) or anti-TCF-4 antibody (Fig. 2) . COS cells expressed endogenous b-catenin at the cell surface that translocates to the nucleus, upon Tcf-4B transfection (Fig. 2B) . However, deletion of 55 amino acid, encompassing the b-catenin binding region (DN-mTcf-4B) inhibited TCF-4 dependent nuclear translocation of endogenous b-catenin in COS cells (Fig. 2D) . Similar results were obtained in NIH3T3 cells co-transfected with b-catenin expression vectors and mTcf-4B cDNA or DN-mTcf 4B cDNA ( Fig. 2E-H) . Expression of b-catenin in transfected cells co-localized in the nucleus with mTCF-4B. However, with the coexpression of DN-mTCF-4B, expression of bcatenin was detected throughout the cell.
Northern blot analysis of embryonic and adult tissues
To assess the developmental role of Tcf-4, the expression pattern was examined in embryonic and adult tissues by Northern blot analysis. With a probe containing amino acids (aa) 55-236, the region between the b-catenin binding domain and the HMG box (Fig. 1C) , Tcf-4 expression was detected in many tissues including brain, gut, heart, kidney, lung, stomach and thymus of E16/E17 embryos. A strikingly high level of Tcf-4 expression was detected in the embryonic brain (Fig. 3) . Like the Tcf-1 and Lef-1 expression pattern, the Tcf-4 mRNA expression level was generally lower in adult tissues compared to embryonic tissues.
Whole-mount in situ hybridization
To better localize the expression of Tcf-4 mRNA in the mouse embryos, whole-mount in situ hybridization was done from E7.0 to E13.5 stages of development. The digoxigenin-labeled RNA probe contained the same region of Tcf-4 cDNA used for Northern blot analysis and should detect expression of both Tcf-4B and Tcf-4E. At E7.0, low level of Tcf-4 mRNA was detected in the most anterior endoderm, prior to the formation of the headfolds (Fig. 4B) , and its expression continued in the anterior region at E7.5 (Fig. 4A ). In E8.5 embryos, strong expression of Tcf-4 was detected in the most rostral border of the neural plate and also in the hindbrain (Fig. 4E) . The Tcf-4 expression in the hindbrain at this stage was a striped pattern with the most posterior stripe expressing highest levels. Comparison of Tcf-4 expression in the hindbrain with the same stage embryos stained with anti-Krox-20 antibody ( Fig. 4D ) indicated that the rhombomere 5 had the highest level of Tcf-4 expression, and a lower level of expression was detected in rhombomeres 3 and 1 (Fig. 4E ). This pattern suggests that Fig. 2 . Northern blot analysis of embryonic and adult tissues for Tcf-4 mRNA expression. Embryonic day 16/17 tissues (lanes: 1, brain; 2, gut; 3, heart; 4, kidney; 5 liver; 6, lung; 7, stomach; 8, thymus) and adult tissues (lanes: 10, brain stem; 11, cerebellum; 12, cortex; 13, heart; 14, kidney; 15, liver; 16, lung; 17, spleen; 18, thymus) were hybridized with Tcf-4 probe corresponding to aa 55-236. Tcf-4 was expressed in many embryonic tissues with very high level of expression in the brain. Expression in adult tissues were generally lower and its expression was also detected in fibroblast cell line NIH3T3 (lane 9). Bottom panels show the ethidium bromide staining of 28S rRNA of the corresponding gel. . Expression pattern of Tcf-4 in mouse embryos by whole-mount in situ hybridization. DIG-labeled RNA probe containing amino acids 55-234 was used. Tcf-4 expression was detected in anterior endoderm (arrow) of E7.0 (B) and E7.5 (A) embryos. a, allantois. (D,E) E8.5 embryos were bisected along the anterior-posterior midline after Krox-20 antibody staining (D) or Tcf-4 in situ hybridization (E). Lateral sides were facing down. Rhombomeres 3 (r3) and 5 (r5) are marked for Krox-20 expression, and expression of Tcf-4 expression was shown in rhombomeres 1, 3, and 5. h, heart. High level of Tcf-4 expression was detected in the diencephalon of E10.5 (C) and E11.5 (G) embryos. (C) Transverse section of E10.5 embryo after whole-mount in situ hybridization with Tcf-4 probe. Expression of Tcf-4 in the forebrain marks the sharp boundary between the diencephalon (d) and mesencephalon (m) (arrow). Tcf-4 expression in the diencephalon was missing in E11.5 Sey/Sey mutant embryo (H). Lack of Tcf4 expression was noted only in the diencephalon, and expression in the frontonasal area and limb buds were unaltered in Sey/Sey embryos compared to wild-type embryos. (F) At E13.5, Tcf-4 expression in the diencephalon persisted as its expression was detected in the thalamus (t). In addition, mesencephalon which did not have visible expression of Tcf4 at earlier stages now showed Tcf-4 expression in the marginal layer.
Tcf-4 may be involved in boundary formation or regionalization of rhombomeres. At E9.5, expression of Tcf-4 in the hindbrain was no longer detected (not shown). However, strong expression was detected in the forebrain at E9.5 and was maintained at high levels through E11.5 (Fig.  4G) . As with the developing hindbrain, the developing forebrain can also be divided into transverse and longitudinal subunits (Rubenstein et al., 1994; Shimura et al., 1995; Lumsden and Krumlauf, 1996) . Transverse segmental subunits of the forebrain are called prosomeres (p1-p6 from posterior to anterior region of the forebrain). Tcf-4 expression was localized in the diencephalon which includes p1-p3. Tcf-4 expression in the diencephalon forms a sharp boundary between pl and mesencephalon (Fig. 4C) . Tcf-4 expression was also detected in a small number of scattered cells in the anteriormost part and lateral sides of the midbrain (Fig. 4G) . At E13.5, Tcf-4 expression was detected in the mesencephalon and in the thalamus (Fig. 4F) .
The developing limb buds also showed very strong and dynamic expression patterns of Tcf-4 (Fig. 5) . Although little or no Tcf-4 expression was detected in E9.5 limb buds (Fig. 5A) , Tcf-4 expression was detectable in the tip of the distal region of the forelimb buds at E10.5 (not shown). In E11.5 embryos, Tcf-4 expression was detected in proximal region of forelimb buds as well as in the distal edge of both forelimb buds and hindlimb buds (Fig. 5B) . In E12.5 limb buds, the Tcf-4 was expressed in the area of tarsal/carpal condensations and newly forming digits ( 5C). In E13.5 forelimb buds, strong Tcf-4 expression was located in metacarpus and phalanges, whereas the interdigital regions were negative (Fig. 5D) . Section of E13.5 limb buds indicated that Tcf-4 expression is limited to mesenchymal cells surrounding the differentiating cartilages of bones with highest expression at the distal region (Fig.  5E ). Tcf-4 expression was detected in other parts of the embryos at lower level (Fig. 4F,G) .
Forebrain expression of mTcf-4 requires Pax-6
The regionalized pattern in the forebrain led us to examine the effects of Pax-6 on Tcf-4 expression. The Pax-6 gene encodes a paired box containing transcription factor whose expression is detected in p1 to p3 and in the cerebral and optic vesicles (Hill et al., 1991; Mastick et al., 1997) . In Sey/ Sey mutant embryos lacking functional Pax-6, the boundary between p1 and mesencephalon is missing and the anterior portion of mesencephalon appear to extend rostrally toward area p1 (Stoykove et al., 1996; Grindley et al., 1997; Mastick et al., 1997) . As shown in Fig. 4G , wild-type E11.5 embryo had strong Tcf-4 expression in the diencephalon. However, age-matched Sey/Sey mutant embryo showed no detectable Tcf-4 expression in the diencephalon (Fig.  4H) . Similar results were observed in E10.5 embryos where no Tcf-4 expression in the diencephalon is detected in Sey/Sey embryo, in contrast to strong expression in Sey/+ or wild-type embryos (not shown). Pax-6-dependent expression of Tcf-4 was specific for the diencephalon since Tcf-4 expression in other parts of the embryos, including the derivatives of the most anterior neural plate and limb buds, were unaltered in Sey/Sey mutants.
Discussion
In this report, the cloning and expression pattern of mouse Tcf-4 during embryonic development are described. The overall sequence identity to human Tcf-4 approaches 99% and its expression in cell lines induced translocation of bcatenin to the nucleus. Deletion of the first 55 amino acids containing this region abolished nuclear localization of bcatenin. Recently, Korinek et al. (1998) has reported cDNA sequence of mouse Tcf-4, which has a carboxy-terminal sequence different from Tcf-4B and Tcf-4E shown in this report. It may be another differentially spliced isoform of Tcf-4 (van de Wetering et al., 1996) . Although they did not detect the expression of Tcf-4 at E7.5 and E8.5, we detected its expression at these stages. We have also detected strong expression in the limb buds. The difference in the RNA probe and in situ hybridization detection method may be responsible for these differences.
Expression of Tcf-4 in the hindbrain
The dynamic changes of Tcf-4 expression pattern in the brain suggests its role in neural development. In the early hindbrain development, genes such as Krox-20, HoxB1, and HoxA2 show rhombomere specific expression patterns (Irving et al., 1996; Lumsden and Krumlauf, 1996) that when altered, either by absence or misdirected expression in the wrong rhombomeres, result in malformation of the hindbrain (Schneider-Maunoury et al., 1993; Zhang et al., 1994) . Interestingly, Tcf-4 at E8.5 is also expressed in alternating rhombomeres, showing restricted expression to r1, r3 and r5 with highest expression in r5. At E8.5, Wnt-1 and Wnt-3a show overlapping expression in the dorsal hindbrain (Takada et al., 1994) . Xwnt-3a in the presence of noggin was shown to induce Krox-20 expression in vitro (McGrew et al., 1995) . This observation suggests that Tcf-4 may be involved in inter-rhombomeric boundary formation by spatially restricting cell proliferation and/or differentiation in response to Wnt signals. Once the rhombomeric boundaries are established, Tcf-4 expression may no longer be necessary, since Tcf-4 expression in the hindbrain disappears at later stages.
Expression of Tcf-4 in the forebrain
Detection of Tcf-4 expression in the anterior endoderm in E7.0 embryos predates expression in the anterior neural plate. At the time of gastrulation, expression of the homeobox gene Rpx (Hermesz et al., 1996) or Hesx1 (Thomas and Beddington, 1996) in the endoderm marks the anterior end of the developing body axis. Furthermore, inductive interactions between endoderm and the overlying ectoderm are required for subsequent expression of Rpx/Hesx1 in the anterior neural plate. Similarly, the secreted protein cerberus is also expressed in the anterior visceral endoderm of the mouse embryo (Belo et al., 1997; Biben et al., 1998) , prior to gastrulation, and is able to induce anterior structures in Xenopus (Bouwmeester et al., 1996) . Thus, it appears that anterior patterning of the body axis is already determined prior to gastrulation by signals emanating from the anterior endoderm. The expression of Tcf-4 in anterior endoderm suggests that it too may be part of this anterior patterning cascade, perhaps downstream of the homeotic gene Rpx. However, Wnt genes expressed in this anterior endoderm have not been identified to date.
High levels of Tcf-4 expression in the diencephalon appear at the time of forebrain patterning along the p1/ mesencephalon boundary. Tcf-4 may be important for this boundary formation between the forebrain and the midbrain. Many Wnt genes (Wnt-1, Wnt-3a, Wnt-3, and Wnt-7b) as well as other factors such as Dlx-1/2, Gbx-2, Otx-2, Nkx2.1/ 2.2 and Pax-6 are expressed in specific longitudinal and transverse regions of the diencephalon (Bulfone et al., 1993; Parr et al., 1993; Rubenstein et al., 1994; Lumsden and Krumlauf, 1996) . It is possible that Tcf-4 may function as a common downstream effector of many Wnt genes, since Wnt genes with overlapping expression pattern appear to have some functional redundancy (McMahon et al., 1992) . Although whether Tcf-4 mediates signals by all of the Wnt genes expressed in the diencephalon is yet to be determined. It is more likely that Tcf-4 works in concert with a variety of other factors with specific expression patterns to translate Wnt signals in a context specific manner, such that correct patterning of the forebrain can occur. Such context-dependent transcription activation has been shown for targets of the Lef-1 protein (Giese and Grosschedl, 1993; Riese et al., 1997) .
Tcf-4 expression in the diencephalon is regulated by Pax-6 since its expression was not detected in the diencephalon of Sey/Sey embryo. Sey/Sey mutant embryos lack a clear diencephalon/mesencephalon boundary, perhaps due in part to lack of Tcf-4 expression. Expression of Tcf-4 in other tissues in Sey/Sey mutant embryos is unaltered in E10.5 and E11.5 embryos, indicating that Tcf-4 expression is regulated by a non-Pax-6-dependent pathway in the limb buds and the most anterior neural plate.
Expression of Tcf-4 in the limb buds
In the limb buds, wnt genes play an important role in dorsoventral and anteroposterior axis formation. At early stages, Wnt-7a and Wnt-5a are expressed in the respective dorsal and ventral ectoderm of limb buds (Parr et al., 1993) . Later, Wnt-5a expression is limited to mesenchymal cells with higher expression at the distal end of growing digits (Gavin et al., 1990 ) similar to Tcf-4. Recently, ectopic expression of Wnt1 in the limb buds showed inhibition of chondrocyte formation (Rudnicki and Brown, 1997) , suggesting that Wnt-5a may have a similar function. Limited expression of Wnt-5a and Tcf-4 in the precartilageous mesenchymal cells may be responsible for the inhibition of chondrogenesis, such that the distal tips of the digits can proliferate.
Since Tcf transcription factors show overlapping expression in many embryonic tissues, there is a possibility of functional redundancy. Therefore, a distinct role of individual Tcf transcription factors may not be easily determined. Mice lacking expression of Tcf-1 or Lef-1 showed developmental defects in relatively few tissues in spite of their broad expression patterns. Generation of mice lacking two or more Tcf transcription factors may provide more clues for their role in embryonic development. The expression pattern in the embryonic CNS and limb buds together with the b-catenin binding activity clearly suggest a role for Tcf-4 in translating Wnt signals within these tissues. The regulation of Tcf-4 by Pax-6 may also indicate an important function in neural patterning.
Experimenta1 procedures
Transfection and immunostaining
COS7 and NIH3T3 cells were cultured in DMEM supplemented with 10% heat-inactivated fetal bovine serum, penicillin and streptomycin. Cells were transiently transfected with Tcf-4 cDNA with or without b-catenin cDNA using Lipofectamine (Gibco BRL). Transfected cells cultured in chamber slides (LAB-TEK) were washed with PBS fixed in 100% methanol for 20 min at −20°C, washed with PBST (PBS with 0.1% Tween-20), and primary antibodies (chicken anti-mouse TCF-4 at 1:100 dilution and mouse anti b-catenin (UBI) at 1:200 dilution) in 2% goat serum/ PBST were added to cells. After 2 h of incubation at room temperature, cells were washed with PBST and were incubated in a 1:300 dilution of secondary antibodies (Texas-red conjugated rabbit anti-chicken antibody and FITC-conjugated rabbit anti-mouse antibody; Sigma) in 2% goal serum/PBST for 1 h at room temperature. Cells were washed with PBST and mounted with coverslip, and photographs were taken. Chicken anti-TCF-4 specific antibody was raised by injecting metal affinity chromatography purified antigen (a bacterial fusion protein containing aa 55-236 fused to a poly-histidine tag) into chickens (Ayes Labs). Chicken IgY fractions were affinity purified by passing over an antigen column and eluting with 0.1 M glycine, pH 3.0.
PCR primers and conditions
Degenerate PCR primers were designed from homologous regions of mouse Lef-1 and Xtcf-3. Forward primer GGAATTCAYCCN YTNACNCCNYTTNAT (Y = T or C, N = C, A, G or T) corresponded to aa 193-197 of mouse Lef-1, and backward primer GGAATTCCANCCNGGR-TANARYTGCATRTG (R = A or G) corresponded to aa 250-245 of Lef-1 which lay within the highly conserve HMG box. PCR with degenerate primers in 20 ml reaction volume were performed under the following conditions; denaturation at 94°C for 2 min (1 cycle)/denaturation at 94°C for 1 min, annealing at 54°C for 1 min, extension at 72°C for 2 min (30 cycles)/final extension at 72°C for 10 min (1 cycle). 5′ and 3′ RACE (Advantage cDNA PCR kit, Clonetech) were performed in 50 ml reaction volume under the following conditions: denaturation at 94°C for 5 min (1 cycle)/denaturation at 94°C for 1 min, annealing at 60°C for 1 min, extension at 72°C for 2 min (30 cycles)/final extension at 72°C for 7 min (1 cycle).
Northern blot analysis
Ten mg of total RNA isolated from mouse embryonic or adult tissues using Trizol reagent (Gibco BRL) was run on 1% agarose/formaldehyde gels. RNA was transferred onto Hybond-N (Amersham) and fixed on the filter by baking at 80°C for 2 h under vacuum. Blots were probed with a 650 bp Tcf-4-specific fragment corresponding to aa 55-236 and labeled with the Random Primed DNA Labeling kit (Boehringer Mannheim) in the presence of [a-32 P]dCTP. Hybridization was performed at 65°C for 4 h in Rapid-Hyb (Amersham) containing 10 6 cpm/ml 32 P-labeled probe and 100 mg/ml salmon sperm DNA. After hybridization, the filter was washed with 2 × SSC/1% SDS (2×) and then with 0.2 × SSC/0.1% SDS at 65°C. Hybridized filter was exposed on Kodak X-OMAT film at −80°C for 1-3 days.
Mouse embryos, whole-mount in situ hybridization and whole-mount immunofluorescent staining
CD-1 or FVB wild-type mouse embryos were obtained by timed matings. We designated the day of the vaginal plug as embryonic day (E) 0.5. CD-1 Sey/Sey and Sey/+ mutant embryos were kindly provided by N. Brown and T. Glaser. Digoxigenin (DIG)-labeled RNA probe was prepared by transcription of Tcf-4 cDNA fragment of aa 55-236 using DIG RNA Labeling Mixture (Boehringer Mannheim). Whole-mount in situ hybridization was performed as described previously (Seitanidou et al., 1997) with minor modifications. Briefly, embryos were fixed in 4% (w/v) paraformaldehyde (PFA) in PBS, dehydrated through graded methanol/PBTX (PBS with 0.1% Triton X-100) and stored in 100% methanol at −20°C until use. They were rehydrated through decreasing amount of methanol in PBTX, washed in PBTX, treated with 10 mg/ ml proteinase K in PBTX for 5 to 60 min according to the size of embryos, washed with PBTX, postfixed in 0.2% glutaraldehyde/4% PFA/PBTX for 20 min, washed in PBTX, and then incubated in prehybridization solution (50% formamide/5 × SSC/2% Boehringer blocking powder/0.1% Triton X-100/0.5% CHAPS/1 mg/ml yeast RNA/5 mM EDTA/50 mg/ml heparin) for 2 to 5 h at 65°C. Prehybridization solution was replaced with prehybridization solution containing 0.5 mg/ml DIG-labeled RNA probe and incubated at 65°C overnight. Embryos were washed at 65°C with the following solutions: Solution I (50 formamide/5 × SSC/0.1% Triton X-100/0.5% CHAPS), 75% Solution I/25% 2 × SSC, 50% Solution I/ 50% 2 × SSC, 25% Solution I/75% 2 × SSC for 5 min each and 2 × SSC/0.1% CHAPS twice, 0.2 × SSC/0.1% CHAPS twice for 30 min each. Then, they were washed with TBTX (50 mM Tris-Cl (pH 7.5)/150 mM NaCl/0.1% Triton X-100) preblocked in 10% heat inactivated sheep serum/2% bovine serum albumin/TBTX for 2 to 5 h, and incubated with alkaline phosphatase conjugated anti-DIG antibody preabsorbed with embryo powder at 4°C overnight. After extensive washing with TBTX containing 0.1% BSA, color development proceeded in BCIP and NBT in NTMT (100 mM NaCl, 100 mM Tris-Cl (pH 9.0), 50 mM MgCl 2 , 0.1% Tween-20, 2 mM levamisole) in the dark for 5 to 8 h. For whole-mount immunofluorescent staining, embryos stored in 100% methanol were washed in PBST, preblocked in 2% goat serum/PBST for 2-3 h at room temperature, incubated in a 1:100 dilution of rabbit anti-Krox-20 Ab (BabCo) in 2% goat serum/PBST at 4°C overnight, washed in PBST for 2-3 h, incubated in a 1:500 dilution of alkaline phosphatase-conjugated anti-rabbit Ab in 2% goat serum/PBST for 2 h at room temperature, and then washed in PBST. Color development proceeded in BCIP and NBT in NTMT as above for 20 min.
